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Abstract
The amount of light scattered by normal donor lenses (n15, ages 43–82 years) from a 10.1 mm white slit beam was
measured as a function of depth in the lens for seven angles from 10 to 165°, and for four wavelengths from 400 to 700 nm. Apart
from the most superficial layers, the data could be described with a model that consisted of three components. (1) small sized
protein particles (a-crystallin), (2) large sized protein particles and (3) spectrally neutral rough surface reflectance (‘zones of
discontinuity’). Component (1) and (3) dominate backward scattering. Component (2) dominates forward scattering, but occupies
only around 0.000006 of the lens volume, with the lowest values in the nucleus. Component (3) is important for a small range of
backward directions only, being much stronger in extranuclear areas than in the nucleus. © 1999 Elsevier Science Ltd. All rights
reserved.
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Imperfections in the optical structures of the eye,
especially in the eye lens, result in retinal straylight,
impairing vision and causing visual complaints (see
Vos, 1984; van den Berg, 1991; Elliott & Bullimore,
1993). Retinal straylight results from light scattering
in the forward direction. This must be distinguished
from light scattering in the backward direction, ob-
served with help of the slitlamp. What phenomena in
the lens are responsible for functional (forward) and
backward light scattering?
Results and theories of physical–chemical studies
on the protein content of the lens (Benedek, 1971;
Jedzidiniak, Kinoshita, Yates, Hocker & Benedek,
1972; Tanaka & Benedek, 1975; Bettelheim &
Paunovic, 1979; Delaye & Tardieu, 1983; Bettelheim
& Ali, 1985; Tardieu & Delaye, 1988) conflict with in
vivo data on retinal straylight. In vivo, retinal stray-
light can be measured by psychophysical techniques,
also for cataractous eyes. Studies on small particles
such as lenticular proteins typically show a weak an-
gular dependence of light scattering. However, retinal
straylight shows a strong angular dependence (see
Vos, 1984). Recent direct physical measurement of
light scattering by intact normal donor lenses did
show correspondence with retinal straylight, both in
angular dependence and strength (van den Berg &
Iljspeert, 1995; van den Berg, 1996a,b). The light scat-
tering characteristics for the very center of the lens
suggested relatively large particles to dominate at for-
ward directions of light scattering, as has also been
suggested by Bettelheim (1985).
In the present paper, light scattering data all over
lens depth will be analyzed to find and quantify the
phenomena that may be responsible. In vitro, light
scattering properties of lenses from donor eyes were
studied. Using slit illumination of the lens, for several
wavelengths the slit image was scanned with a photo-
multiplier under different forward and backward an-
gles of observation. At each wavelength and angle the
intensity of scattered light was measured as a function
of depth, and corrected for light absorption in the
lenticular pigments. The full light scattering character-
istics could be explained with a three-component
model: (1) small sized particles (protein molecules) (2)
large sized particles (protein aggregates) (3) rough sur-
face reflectance (‘zones of discontinuity’). The size of
each component was estimated as function of depth in
the lens.
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1. Methods
The methods are summarized below. For more de-
tails on the methods see Van den Berg (1997), and for
the photographic documentation of the lenses using the
LOCS III system (Chylack, Leske, McCarthy, Khu,
Kashiwagi & Sperduto, 1989; Chylack, Wolfe, Singer,
Leske, Bullimore, Bailey, et al., 1993), but adapted to
these age-normal lenses (film speed 1600 ASA), see Van
den Berg and Coppens (submitted). In total 15 normal
donor lenses were included in the study, from donors
ranging between 43 and 82 years of age (median 62).
The lenses were placed in a special holder filled with the
isotonic solution (Na 150, K 4, Ca2 2.2, Cl 160
and Glucose 6 mmol l1). Light scattering measure-
ments were performed within the first few hours follow-
ing isolation of the lens. At the end of the
measurements the first measurement was repeated to
ensure that no change had taken place during the
experiment.
A white slit of 10.1 mm was projected along the
optical axis of the donor lens. All data will be presented
after correction for the effects of reflection and refrac-
tion at the liquid:air interface of the lens holder, i.e. as
valid for the interior of the eye (index of refraction
n1.336; Wyszecki & Stiles, 1982). At several angular
positions (forward directions 10, 15, 28 and 40°, back-
ward directions 140, 152 and 165°), the slit image was
scanned with a photomultiplier using interference filters
of 400, 500, 602 or 700 nm with half bandwidth of 10
nm. The full lines in Fig. 1 give for the lens (c268) of
a 50 year old donor the slit image scans at 500 nm for
40 and 140°. Because the interference filter was placed
behind the donor lens, not in front, autofluorescence
was of no consequence (van den Berg, 1993).
For each lens total light transmitted towards the
forward halfspace Itr was also determined, as well as
total light Ctr incident on the lens. The ratio TItr:Ctr
gives total lens transmittance, i.e. the total fraction of
light transmitted by the lens, in particular influenced by
light absorption in the lens pigments especially at
shorter wavelengths, but also by back scattering and
the very small Fresnel reflections at the lens surfaces.
T0.91 at 500 nm for the lens of Fig. 1. The scans of
the slit images are distorted because of this light loss.
Note that the light losses increase with the length of the
path the light travels through the lens (pigments). This
path length depends on measurement angle and depth.
For example. at 140° (lower part of Fig. 1) the light
scattered from the anterior pole has not suffered ab-
sorption losses (no correction needed), whereas the light
scattered from the posterior pole travels twice through
the lens (largest correction needed). The scans were
corrected for these light losses to obtain the true light
scattering properties of the lens material per se (dashed
lines in Fig. 1). So called Rayleigh ratio’s Ru (vertical
scale in Fig. 1) were used, which is the radiometric
standard for light scattering, with udeflection angle.
Psychophysical straylight on the other hand, is usually
defined as the point-spread function PSF(u)Leq:Egl,
experimentally determined by means of the so called
equivalent luminance Leq and the illuminance on the
eye Egl. The relation between radiometric and psycho-
physical quantities is given by n2PSF(u)RudI(u):
Ctr (sr1) with n1.336 the index of refraction of the
vitreous, d the thickness of the lens (approximately 4
mm) and I(u) the amount of light scattered by the
whole lens per steradian (sr).
The slit images were rescaled (horizontal axis in Fig.
1) such that the anterior capsule was defined as depth 0
and the posterior capsule as depth 1. The depth re-
solved RudI(u):Ctr must be understood as Rud
I(u):Ctr per unit of depth. Since the full depth is defined
as 1.0, this corresponds to the full thickness of the lens
d. In other words, this corresponds to the figure for
RudI(u):Ctr in case the full lens would scatter like the
respective depth. For data reduction, all curves were
condensed to 11 points (centered at depths 0.0, 0.1,
Fig. 1. Axial scans of the slit image using a 500 nm interference filter,
observed under an angle of 40° from the incoming beam (upper
panel, forward scattering) and the complementory angle of 140°
(lower panel, backward scattering). Dashed lines give results cor-
rected for light losses as the light travels through the lens.
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0.2,… 0.9 and 1.0) by integration over the intervals
(0.05–0.05, 0.05–0.15, etc.).
For descriptive statistics over the lens population,
medians and (13th–87th percentile) will be given. Note
that with 15 lenses studied the 13th percentile coincides
with the third lowest value and the 87th percentile with
the third highest value. These descriptive statistics are
less sensitive for extreme values (the data on one lens
(c166) were erratic (large residual errors) and one lens
(c96) had nuclear opacification), and non-linear trans-
formations. Throughout this paper Briggsian (base 10)
logarithms are used.
2. Results
At first, the following simple analysis was tried. As
often considered in physical–chemical literature (see
Benedek, 1971; Delaye & Tardieu, 1983; Bettelheim &
Ali, 1985) the proteins are assumed to be concentrated
in spheres with a refractive index of around 1.51.
Actually, shape, size and refractive index are not criti-
cal, but the corresponding molecular weight and spe-
cific refractive index are (Delaye & Tardieu, 1983). For
light scattering by the native proteins, a-crystallins are
most important with their radius of about 10 nm.
Additionally a rather wide distribution of larger particle
sizes was assumed. The chosen model distribution for
the number of particles with radius ai (nm) per mm2 (in
a cylindrical portion of the lens with a cross section of
1 mm2) was: N(ai)N010ldai:10, ai1020.43 i nm,
i1, 2,… 21 and separately N(10 nm). So, there were
three model parameters to be estimated: N(10 nm), N0
and ld (the logarithmic decrement). Assuming light
scattering to be the algebraic sum of light scattering by
all single particles, the three model parameters were
fitted on the basis of least square error to the measured
values of log Rud for u10, 15 (not always measured),
28…, 165° and for 700, 602 and 500 nm. The 400 nm
observations were not used for fitting because of the
large corrections needed for pigment absorption at this
wavelength. For such a relatively small difference in
index of refraction with the surrounding medium (as-
sumed to be 1.336, the same as for aqeous and vitreous)
and for spheres that are relatively small, single particle
light scattering can be described with the Rayleigh–
Gans(–Debeye) approximation (van de Hulst, 1981).
This approximation was used for the fitting. To be sure,
this approximation was checked for the largest spheres
found in the fit against the rigorous Mie theory, and
differences of no more than 10% were found. In fact,
only for smaller particles the effective refractive index
of the medium will be close to 1.336, but for larger
particles it will approach the refractive index of the
average surrounding lens material (maximally 1.41).
Whereas in the nucleus (say at depths 0.4–0.6) the
residual errors were around 0.09 log units, satisfactory
as compared to the experimental uncertainties, outside
the nucleus residual errors were often much larger,
especially at depths 0.0 and 1.0. Finding this, it was
considered that at depths 0.0 and 1.0, the relevant light
scattering microstructure at the lens surfaces (capsule,
epithelium, lens fibers with organelles) can by no means
be compared with that elsewhere in the lens. So, these
two depths were excluded from the analysis. In the
nuclear area (depths 0.4–0.6) light scattering behaves
rather consistently for all directions. In the other areas,
a difference exists between forward and backward di-
rections. For forward directions light scattering behav-
ior is also relatively consistent, but for backward
directions large differences in light scattering exist as a
function of depth, with often peaks at the supranuclear
depths. Now it must be noted that the scans for back-
ward directions correspond to directions in clinical
slitlamp observation. Indeed, the recorded slit images
show patterns resembling linear densitograms of
Scheimpflug images such as Figs. 15 and 37 from
Hockwin, Sasaki & Lerman (1990). Slitlamp observa-
tion often shows a somewhat specular character of the
extranuclear areas, i.e. the observed intensity depends
strongly on the relation between the angles of illumina-
tion and observation. Usually, the highest intensity is
seen when the directions of illumination and observa-
tion correspond more or less to the reflection directions
of the overlying lenticular surface. Goldmann (1964)
discusses this behavior, calling these areas ‘zones of
discontinuity’ with the suggestion that (many) ragged
surfaces are present there, separating areas of different
refractive index, reminiscent of the extreme form of
lamellar separation. With crossed polarizers this reflec-
tance component can be suppressed (Weale, 1986).
To account for this effect, for the backward direc-
tions a spectrally neutral component was included in
the model, called ‘reflectance (u)’ with u140, 152 or
165°. Reflectance (u) was included also as an additive
component in the model and will also be expressed as
Rayleigh ratio times lens thickness. In order to avoid a
biased analysis, the extended model was applied over
the full 0.1–0.9 lens depth. The number of degrees of
freedom is then: 3 wavelengths6 or 7 angles6
parameters12 or 15. It was assumed that light scat-
tered by the three sources (10 nm particles, larger
particles and reflectance) adds up algebraically. The
data will be presented logarithmically. Fig. 2 and Table
1 give the results of the fit for the same lens (c268) as
used for Fig. 1.
Fig. 2 gives the results for depths 0.8, 0.5 and 0.2,
with residual errors of 0.050, 0.070 and 0.085 log units,
respectively (see row two of Table 1). Although the 400
nm data were excluded from the fit (see above), they are
included in Fig. 2. The four dashed lines that are more
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Fig. 2. Log light scattering for the four indicated wavelengths cor-
rected for light absorption in the lens pigments, for the same lens as
in Fig. 1, at relative depths 0.8 (above), 0.5 (middle) and 0.2 (below).
The observations are given as stars, the full model results are given as
rectangles. The model comprises three components: small particles
(the set of four dashed lines that are more widely apart), large
particles (the set of four dashed lines that are less widely apart), and
spectrally neutral reflection from irregular surfaces at 140, 152 and
165°.
forward directions, as relevant for visual function. The
sum of both is drawn as continuous lines. The 90°
minimum results from the natural light correction (1
cos (u)2):2 (see Van de Hulst, 1981). At backward
directions, the data points in Fig. 2 (stars) deviate from
the continuous line, especially for depths 0.2 and 0.8.
When the reflectances estimated by fitting the full
model to the data are added, good correspondence with
the data at backward directions results. The squares in
Fig. 2 give the full model result for the discrete angles
of measurement. In Fig. 3 the estimated reflectances for
the same lens (c268) are plotted. At 4 log, reflec-
tance was truncated, because below this value reflec-
tance is too low to be reliably estimated. At backward
directions total light scattering varies around 2 log
(Fig. 2), 2 log units higher than this chosen truncation
value.
Table 2 gives medians and (13th–87th percentile) of
the fitted results for the population of 15 lenses. Fig. 4
shows graphs of the reflectance results (rows six to eight
of Table 2). Only the medians (heavy lines) and 87th
percentiles (thin lines) are plotted because most of the
13th percentiles are at the truncation value. Reflectance
intensity drops rather steeply as a function of angle. It
falls by about one log unit from 165 to 152°, and a
further strong decrease to 140°. In fact, at 140° the
reflectance component is usually unmeasurably small
(row eight of Table 2). Note that the optimal reflec-
tance angle would be near 180°.
In row three of Table 2 the number of particles with
radius 10 nm N(10) is given. The same parameter is
plotted in Fig. 5 for all lenses. The line with c’s is for
the lens with nuclear opacification (c96), the dashed
line is for the erratic lens (c166), the dotted line is for
the lens of Figs. 1–3 and Table 1 (c268). If N(10) is
multiplied with the volume per particle 4p103:3 nm3,
and divided by the total volume considered (4 mm3),
then the volume fraction given in row nine is obtained.
Together with the parameters N0 (Fig. 6) and ld (Fig.
7) whose statistics are given in rows four and five of
Table 2, the fit gives a median residual error of 0.090
log unit (row two). This was considered satisfactory in
view of the experimental uncertainties (around 0.05 log
units). Table 3 gives the data for the lens with nuclear
opacification (c96).
3. Discussion
The present model could be looked upon more mod-
estly as a means of data reduction, i.e. as a mathemati-
cal model, only to describe in a comprehensive way the
light scattering behavior of the human eye lens. It is
more interesting though to look upon it also as a
physical model. A ‘visual’ type of data was chosen. The
data correspond to what the patient (forward direc-
widely apart, give the light scattering contribution of
the 10 nm model particles. The four dashed lines that
are less widely apart, give the light scattering contribu-
tion of the larger model particles. It is clear that at all
depths the larger particles dominate light scattering in
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Table 1
Fit results for the light scattering model (lens 268)
0.60 0.70 0.801 Depth 0.10 0.20 0.30 0.40 0.900.50
0.078 0.071 0.0502 Residual error (log 1:sr) 0.103 0.085 0.0710.086 0.083 0.070
Model parameters:
13.23 13.073 Log number of 10 nm radius particles N(10) (1: 12.7613.44 13.51 13.42 13.34 13.32 13.30
mm2)
9.84 10.2510.164 *Log N0 (1:mm
2) 9.839.98 9.49 9.99 9.66 9.33
0.490.485 *Logarithmic decrement ld 0.47 0.46 0.52 0.50 0.47 0.50 0.52
1.652.106 Log reflectance (165 degrees, 1:sr) 1.84 2.27 2.91 3.30 3.25 2.71 2.50
2.85 2.687 Log reflectance (152 degrees, 1:sr) 2.49 2.432.73 2.004.00 4.00 4.00
Derived values:
3.09 2.88 2.658 Log reflectance (140 degrees, 1:sr) 4.00 3.49 4.00 2.364.00 4.00
2.221.911.759 Log (apparent) volume fraction of the 10 nm ra- 1.681.661.54 1.47 1.56 1.64
dius particles
5.71 5.59 5.4910 Log volume fraction of the effective large particles 5.105.15 5.60 5.74 5.84 5.92
3.12 3.1311 Mean log radius of the effective large particles 3.183.153.113.10 3.09 3.18 3.15
(mm)
0.30 0.290.2912 Standard deviation log radius of the effective large 0.29 0.29 0.30 0.29 0.29 0.30
particles
* Model distribution of large particles N(ai )number with radius ai (nm)N010
(1dai:10), ai102(0.43i ), i1 …21.
tions) and to what the ophthalmologist (backward di-
rections) sees. So, the found particle and reflectance
distribution must be considered as parts of the lens
structure that may be important for vision. With other
data types, e.g. quasi elastic light scattering (see
Thurston, Hayden, Burrows, Clark, Taret, Kandel,
Courogen, Peetermans, Bowen, Miller, Sullivan, Storb,
Stern & Benedek, 1997) or X-ray scattering (see Delaye
& Tardieu, 1983) other aspects of the lens structure can
be resolved.
No discrimination is possible between candidate phe-
nomena that would give the same (visual) light scatter-
ing. This is in particular important for the small particle
part of the model. The median of their log volume
fraction (Table 2, row nine) was found to be 1.66 log
units. This may seem an oddly low value, since the
volume fraction of the proteins is around 0.3, a large
part of which is occupied by a-crystallins (see Benedek,
1971, Delaye & Tardieu, 1983; Bettelheim & Ali, 1985).
However, spatial ordering may exist between the a-
crystallin molecules, causing destructive interference of
the scattered light by an amount given by the so called
‘structure factor’ S (SB1). With this mechanism trans-
parency of the ocular lens may be achieved notwith-
standing the large amount of light scattering particles.
Since the celebrated study of Trokel (1962) it has often
been assumed that the high packing density of proteins
itself (0.3) accounts for the spatial ordering (see
Benedek, 1971; Delaye & Tardieu, 1983; Bettelheim &
Ali, 1985). Spatial ordering seems to reduce light scat-
tering over all of the lens by a factor of about 0.3:
101.66141:S in the present population of lenses.
In formula: N(a) small particles of radius a, scatter
light of wavelength l according to Rud
CSN(a)a6(1cos (u)2):2l4 with C a constant. The
Fig. 4. Medians and 87th percentiles of log reflectance as function of
relative depth for the population of 15 lenses at the angles 140, 152
and 165°.
Fig. 3. Log reflectance as function of relative depth for the same lens
as in Fig. 1 and Fig. 2 at the angles 140, 152 and 165°.
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Fig. 5. The model parameter representing the small sized light scatter-
ing protein particles (a-crystallins): N(10) log (apparent) number:
mm2 of 10 nm radius particles with refractive index 1.51. The dashed
line is for a lens with erratic data, the c’s indicate a lens with nuclear
opacification, the dotted line is for the same lens as in Figs. 1–3.
Fig. 7. The model parameter ld (logarithmic decrement) that controls
the size distribution of larger sized light scattering protein particles
with refractive index 1.51. The dashed line is for a lens with erratic
data, the c’s indicate a lens with nuclear opacification, the dotted line
is for the same lens as in Figs. 1–3.
estimated model parameter N(10) would hold if S1
and a10 nm. However, in stead of N(10) one could
read: SN(a) (a:10)6 (a in nm). If one would assume
a radius for the a-crystallins somewhat different from
10 nm, N(a) and:or S would be different with no change
in quality of the fit. The same would hold m.m. for a
combination of different small particle sizes.
With published parameters from physical–chemical
studies on light scattering by lens proteins, including a
radius of 10 nm (unaggregated a-crystallin, see Tardieu
& Delaye, 1988) one arrives at a virtually angle indepen-
dent (apart from the natural light correction) Rayleigh
ratio Ru0.002 mm1 at 500 nm and a l4 wavelength
dependence, in correspondence with experimental re-
sults from Clauwaert and coworkers (Xia, Aerts, Don-
ceel & Clauwaert, 1994). This Rayleigh ratio is nicely in
accordance with the 10 nm component of the model, as
exemplified in Fig. 2 (depths 0.5 and 0.8). It is precisely
obtained with log N(10)13.15, and corresponds to the
lower values in the population (Fig. 5 and row three of
Table 2), as should be expected. The higher values,
especially in case of the lens with nuclear opacification,
could result from a loss of ordering (increase of S)
and:or from the development of larger particles (still
small as compared to wavelength).
With regard to the large particle part of the model (N0
and ld) the following reservation must be made. Only
that part of the model size distribution is meaningful
that contributes significantly to the total model values.
Because at smaller particle sizes light scattering declines
very strongly with size, for all lenses only particles with
radii between 100 and 2000 nm need to be considered
(apart from the 10 nm radius particles). In rows 11 and
12 of Tables 1–3 data are given on mean (see also Fig.
8) and standard deviation, respectively for log particle
radius after the particle distribution was weighted lin-
early according to the respective particle light scattering
intensity at 10°. These particles are called ‘effective’,
because they dominate in functional sense. The median
of row 11 of Table 2 is 3.14 log mm, i.e. 724 nm. For
other (larger) scatter angles smaller values would have
been obtained. For example for 165° the median would
have been 4.19, but this value has limited meaning
since this angle contributes very little to the model fit.
Fig. 9 and row ten of Table 2 give the volume fraction
occupied by the ‘effective’ particles. This was calculated
as the volume fraction for that part of the
model distribution corresponding to the mean radius
(row 11) plus and minus twice the standard deviation
(row 12). The median value is 5.21 log units,
corresponding to a volume fraction of 0.000006.
Fig. 6. The model parameter N0 (log number:mm
2) that controls the
number of larger sized light scattering protein particles with refractive
index 1.51. The dashed line is for a lens with erratic data, the c’s
indicate a lens with nuclear opacification, the dotted line is for the
same lens as in Figs. 1–3.
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Table 3
Fit results for the light scattering model (lens 96, with nuclear cataract)
0.60 0.70 0.801 Depth 0.10 0.20 0.30 0.900.40 0.50
0.2800.0772 Residual error (log 1:sr) 0.1450.138 0.0870.137 0.134 0.097 0.088
Model parameters:
14.28 13.8014.093 Log number of 10 nm radius particles N(10) (1: 13.87 14.14 14.39 14.63 14.54 14.46
mm2)
10.24 9.2311.604 *Log N0 (1:mm
2) 11.928.71 8.72 9.94 10.50 11.90
0.52 0.435 *Logarithmic decrement ld 0.39 0.39 0.45 0.46 0.54 0.360.54
2.87 2.186 Log reflectance (165 degrees, 1:sr) 1.83 1.64 1.96 4.00 4.00 9.00 1.80
4.004.007 Log reflectance (152 degrees, 1:sr) 3.413.68 3.652.11 1.71 2.71 2.78
4.004.008 Log reflectance (140 degrees, 1:sr) 4.00 3.88 1.75 3.58 4.00 9.00 4.00
Derived values:
0.890.70 1.189 Log (apparent) volume fraction of the 10 nm ra- 0.44 0.521.11 0.84 0.59 0.35
dius particles
3.92 4.13 4.3410 4.35Log volume fraction of the effective large particles 5.36 5.35 4.99 4.55 3.98
3.04 2.9311 Mean log radius of the effective large particles 3.183.223.222.99 2.99 3.07 3.09
(mm)
0.30 0.3012 Standard deviation log radius of the effective large 0.320.30 0.30 0.29 0.29 0.31 0.31
particles
* Model distribution of large particles N(ai )number with radius ai (nm)N010
(ldai:10), ai102(0.43i ), i1 …21.
If as refractive index for the medium 1.41 instead of 1.336
would be used a volume fraction of 0.000018 would be
obtained.
The reflectance component of the model, performed
remarkably well. The residual errors in row two of Table
2 had a median of 0.090 log units. Note that this is
achieved primarily by the 165° reflectance at more
superficial depths. In the nucleus and at especially 140°,
reflectance is so small that it can hardly contribute to the
quality of fit. The found behavior nicely corresponds to
what should be expected from this component on the
basis of slit lamp observation on the ‘zones of disconti-
nuity’: a steep decline towards smaller angles, and low
values in the nucleus (Goldmann, 1964).
In the present study potential lenticular scatterers
responsible for forward light scattering in correspon-
dence to the ‘gold standard’ of in vivo straylight, are
proposed. This was restricted to the body of the lens, since
no model exists (yet) for the structure of the most
superficial layers of the lens with respect to light scatter-
ing. The long-term goal is to understand light scattering
by the lens as a whole as relevant for visual function. The
small size component dominates for larger angles (u\
28°). At (extreme) backward directions (u\140°) also
reflectance is important. So, this is what is seen in slit
lamp biomicroscopy, and on this component opacity
judgement is based. For the patient however, smaller
angles (uB28°) are much more important. Here the large
size component dominates. As is demonstrated with row
ten of Tables 1–3 only minute amounts of the protein
content need to be involved in this component. This was
already recognized by Horwitz (oral communications),
and is now found to be around 0.000006. Because the
large size particles are not tightly packed at all, they can
be assumed to lack spatial order, and to act as indepen-
dent scatterers, as assumed in the model. The amount
Fig. 8. Mean log radius (mm) of the larger sized particles weighted
according to their light scattering at 10°, as is the angle of importance
for functional retinal straylight.
Fig. 9. Log volume fraction of the larger sized particles that con-
tribute significantly to the total light scattering at 10°, as is the angle
of importance for functional retinal straylight.
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of this component proved to be rather variable (Fig. 8),
as might be expected since it represents various states of
aggregation. Because of its importance for visual func-
tion, it is not good that this component is buried in the
small size component upon slit lamp observation. Be-
cause of the minute amounts, it will not be easy to
document this component accurately by other means
such as histology. Also, it can only constitute a small
fraction of the high molecular weight fraction as often
isolated in physical–chemical studies. Most of this frac-
tion may be unimportant for functional light scattering,
because of the strong decline of light scattering with
size. Maybe the new technique of quasi–elastic light
scattering (QLS, Thurston et al., 1997) can solve this
problem.
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